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ABSTRACT
BIODEGRADATION OF METHYL TERT BUTYL ETHER
by
Priya Saripalli 
University of New Hampshire, December, 2006
Methyl tertiary butyl ether (MTBE) is the most common oxygenated fuel additive used in 
gasoline to improve combustion and reduce air emissions. MTBE is commonly found in 
natural water as contaminate from gasoline spills. Remediation of the contaminated water 
is difficult by traditional treatments. In this thesis, degradation of MTBE using Fenton’s 
reaction was studied. The effect of pH, concentration of ferric ammonium sulfate and 
hydrogen peroxide on the removal efficiency of MTBE was studied and optimum 
conditions were determined experimentally. A maximum conversion of 90% was 
achieved when 0.14 M MTBE was reacted with 1.1 g/L ferric ammonium sulfate and 
6.667 M hydrogen peroxide at a pH of 4 units. This reaction produced various byproducts 
like tertiary butyl alcohol, methyl acetate, acetone and 1-methyl-2-propene. It was 
observed that the product compounds get readily adsorbed on carbon and silica gel. 
Results show that carbon is a better adsorbent than silica gel but carbon gets oxidized due 
to H2O2 present in Fenton’s reagent.
x
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Studies were carried out on the degradation of MTBE using enzymes like horse 
radish peroxidase, lignin peroxidase and manganese peroxidase. It was observed that in 
the presence of 1 g/L phenol and 0.2 M H2O2, 16 units/mL horse radish peroxide 
degraded 0.2 M MTBE to about 10% at room temperature and pH 6  units. Manganese 
peroxidase (5 units/ml) also degraded 15 - 20% of 0.2 M MTBE when 1 g/L phenol and 
0.2 M H2O2 were added to it at room temperature and 4 pH units. 0.025 units/ml of lignin 
peroxidase showed no effect on the degradation of MTBE under similar conditions.
XI
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CHAPTER I
INTRODUCTION
Methyl terf-butyl ether (MTBE) is an extensively used fuel oxygenate additive for 
gasoline. MTBE raises the oxygen content of gasoline and thereby reduces pollution and 
enhances octane ratings of gasoline [1]. MTBE is being phased out as a fuel additive and 
is being replaced by ethanol. MTBE is ether with a molecular formula of (CH3)3COCH3. 
MTBE is a volatile compound and it evaporates quickly from open containers, surface 
waters, and from manufacture and storage sites. Therefore it is a most common pollutant 
in atmospheric air. MTBE is also very mobile in ground water; it enters the underground 
water through leaks and spills. MTBE is not biodegradable and remains in ground water 
for prolonged periods of time. The solubility of MTBE in water is 48 g/L at 20°C. MTBE 
is the second most commonly detected volatile compound in water from urban wells [2], 
Humans get exposed to MTBE by breathing contaminated air while pumping 
gasoline or from auto exhausts. Potable water and food we eat might also contain MTBE. 
But most potable water is purified and freed from MTBE. Skin absorbs MTBE when 
showering or swimming with contaminated water. Recreational boating activities cause 
MTBE pollution in ground water.
MTBE has a very unpleasant odor. It causes irritation of the nose and throat. It 
also causes nausea, vomiting, headache, weakness, sleepiness and dizziness. MTBE can
1
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also cause minor liver damage and might lower the amount of white blood cells. Studies 
on mice show that drinking high levels of MTBE contaminated water may cause 
gastrointestinal irritation, liver and kidney damage and affects the nervous system [3]. It 
has been reported that high concentrations of MTBE causes cancer in rats and mice, but 
there is no evidence of cancer in human due to MTBE. In mice it is reported to cause 
leukemia (cancer of blood) and lymphoma (cancer of lymphoid' tissue) [4]. It is also 
believed that MTBE causes asthma in children, but this claim has not yet been 
substantiated by research [5].
MTBE pollution can be controlled by
1) reducing the leaks and spills from storage tanks and pipelines.
2 ) treating the spills and leaks.
3) limiting the use of vehicles on water bodies.
4) treatment of industrial discharges.
5) using other oxygenated fuels like ethanol, ethyl tert-butyl ether.(ETBE), tert-amyl
methyl ether (TAME), and diisopropyl ether (DIPE) [6 ].
Water pollution by MTBE is a major problem and various studies are being
carried out to treat MTBE in situ or ex situ. Conventional methods for degradation of
MTBE include oxidation, air stripping, filtration, photooxidation and sonolytic 
degradation and adsorption. Chemical oxidation is fast and cost effective compared to 
other methods of MTBE degradation. The most commonly used oxidants are hydrogen 
peroxide, permanganate (MnOT), persulfate^Og'2) and ozone [7]. All these oxidants 
produce hydroxyl (OH') free radicals. The hydroxyl radical is the second most reactive 
species known, the first being fluorine. Adsorption is a cost effective technology for the
2
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removal of MTBE at low concentrations. But at high concentration, the removal of 
MTBE using adsorbents is difficult due to the low organic adsorbent partition coefficient 
of MTBE. Biodegradation of MTBE by various bacterial strains has been evaluated. [8 ], 
Experiments were carried out in both aerobic and anaerobic conditions. But the 
degradation is very slight and very little is known about the pathways or intermediates.
Previous studies dealt with degradation of MTBE at low concentrations using 
Fenton’s reagent. In these studies ferrous sulfate was used as a substrate. This thesis deals 
with degradation of MTBE at high concentrations (12.33 g/L) with ferric ammonium 
sulfate (FAS) and hydrogen peroxide. Optimum conditions for the degradation of MTBE 
using Fenton’s reagent were investigated.
MTBE is highly soluble in water and it is very difficult to transfer MTBE from 
aqueous phase to the organic phase. Therefore adsorption of MTBE on carbon or silica 
gel is not an effective method for the removal of MTBE. Yet, this method is being used 
for the bioremediation of MTBE in many places. In this thesis, experiments were done to 
determine the breakthrough curves of MTBE on typical adsorbents such as activated 
carbon and silica gel. However, the goal of this work is to test the applicability of 
oxidation/adsorption treatment technology for MTBE. In this process MTBE is first 
converted to less toxic compounds by Fenton’s reagent. The adsorptive capacity of the 
carbon and silica gel were tested for the products of the reaction. Enzymatic degradation 
of MTBE by horseradish peroxidase, lignin peroxidase and magnesium peroxidase was 
also investigated and the results are presented.
Chapter 2 reviews the literature on MTBE degradation using Fenton’s reagent and 
adsorption of MTBE on carbon and silica gel. Chapter 3 describes the Experimental
3
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methods, Chapter 4 presents Results and Discussion and Chapter 5 provides Summary 
and Future work.
4




2.1.1 Choosing an Oxidant
Chemical oxidation has been one of the most effective methods for the destruction of 
methyl tertiary butyl ether (MTBE). The most commonly used oxidants are hydrogen 
peroxide (H2O2), ozone (O3), permanganate (MnOf) and persulfate (S2O8'2). All these 
compounds have a tendency to produce hydroxyl radicals (OH*). Oxidant strength and 
stability are the factors to be considered while selecting an oxidant for remediation. 
Normally, the strong oxidants are less stable i.e. they have shorter half lives and are more 
difficult to transport in the ground surface [9 -1 0 ].
The geological conditions, the presence of other chemicals and the properties of 
the water to be purified should be studied before selecting an oxidant for a particular 
location. Laboratory tests followed by a field pilot test should be carried out. The pH, 
alkalinity, natural organic matter and the concentration of interfering compounds of the 
water to be purified affect the degradation of the MTBE in it [11]. The soil oxygen 
demand (SOD) due to the presence of organic compounds, inorganic compounds and the 
contaminants in the soil also affect the amount of oxidant needed for the destruction of 
MTBE [12]. The by products produced by oxidation reactions are tertiary butyl alcohol
5
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(TBA), tertiary butyl formate (TBF) acetone and methyl acetate. These compounds are 
less carcinogenic than MTBE. These byproducts can be reduced to carbon dioxide and 
water by biological degradation [13].
Optimal pH for different oxidants
Maintaining the pH is one of the important factors in the degradation of MTBE. Different 
oxidants function at different optimal pH ranges. The optimum pH for the most 
commonly used oxidants for MTBE degradation are given in Table 2.1.
Table: 2.1: Optimal pH and reactions for different oxidants. The products are formed on 
complete oxidation of MTBE.
Oxidant Optimal pH Reaction
Hydrogen Peroxide 3 - 5 MTBE + H20 2 -► C 0 2 + H20
Ozone 3 - 5 MTBE + 0 3 -» HCOH +TBA+02
Permanganate 3 .5 -1 2 MTBE +M n04" —> CO2 + Mn0 2
Persufate 2 .5 -1 1 MTBE + S20 8'2 -► C 0 2 + S04'z
The oxidation reactions are also shown in Table 2.1. The products in the table are 
formed by complete oxidation of MTBE. These oxidation reactions require a low pH. 
The pH of the water can be increased by injecting H2O2 with a chelated catalyst which 
promotes the radical formation at a higher pH (i.e., a pH of 6 ). The pH can also be 
maintained by treating the water with acid solution but this treatment is ineffective and 
costly [14 -  17].
6
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2.1.3 Ozone
MTBE can be oxidized by ozone by direct ozonation or by indirect ozonation. In direct 
ozonation, MTBE is reacted with molecular 0 3 while in indirect ozonation. MTBE is 
reacted with the hydroxyl radicals produced during 0 3 decay. Indirect ozonation is faster 
than the direct one [11, 18, 19, 20], Liang and Palencia used ozone and peroxone for 
oxidation of MTBE. The reaction between O2 and H2O2 lead to incomplete oxidation of 
MTBE [21].
2.1.4 Permanganate
Various studies have been carried out on permanganate oxidation of MTBE. 
Permanganate oxidation reaction may involve one, three or five electrons depending on 
the pH of the ground [22], But the three electron transfer is the most common reaction. 
Permanganate has a lower oxidation potential (0.59-1.07), so the rate of reaction is very 
low. This limits its use for rapid treatment strategies.
2.1.5 Persulfate
Huang [23] studied the kinetics of heat-assisted persulfate oxidation of MTBE in aqueous 
solutions at various pH, temperature, oxidant concentration and ionic strength levels. He 
concluded that the MTBE degradation followed a pseudo-first-order decay model. 
Raising the reaction temperature and persulfate concentration accelerates the MTBE 
degradation. However, increasing pH (over the range of 2.5-11) and ionic strength (over 
the range of 0.11-0.53 M) decreases the reaction rate. The reaction intermediates tert- 
butyl formate, tert-butyl alcohol, acetone and methyl acetate also degraded partially.
7
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2.1.6 Alumina
Methyl tert-butyl ether (MTBE) and tert-amyl methyl ether (TAME) were degraded using 
bifunctional aluminum in the presence of dioxygen (O2) [24]. Bifunctional aluminum was 
prepared by sulfating zero-valent aluminum with sulfuric acid. It decomposes the 
contaminants by both oxidation and reduction. Oxidation occurred on both sides of ether 
linkage in MTBE and TAME. Tert-butyl alcohol, tert-butyl formate, methyl acetate, and 
acetone were the products from oxidation of MTBE.
2.1.7 Sonolytic Degradation
Sonolytic degradation of MTBE has been investigated at an ultrasonic frequency of 20 
kHz. The reaction followed pseudo-first-order [25]. The rate of reaction increased with 
the concentration of MTBE, increase of the power density of ultrasonicator and increase 
in temperature. With the presence of an oxidizing agent like potassium persulfate and 
Fenton’s reagent, the sonolytic rate of degradation of MTBE accelerated substantially. 
Tert-butyl formate (TBF) and acetone were found to be the major intermediates of the 
degradation of MTBE.
2.1.8 UV degradation
UV/H2O2 advanced oxidation technology was studied to determine its effectiveness in the 
treatment of MTBE [26]. UV light catalyzes chemical oxidation of MTBE. MTBE 
undergoes a change in its chemical structure on absorbing UV light. UV light also 
catalyzes the breakdown of hydrogen peroxide to produce hydroxyl radicals. Hydroxyl 
radicals react with MTBE and destroy it. Chang and Young [27] studied the effect of UV
8
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light and hydrogen peroxide on MTBE. They reported the MTBE removal efficiency to 
be as high as 99.99% after two hours of reaction at selected conditions. Photo catalytic 
destruction of MTBE in the gas-phase using UV light and titanium dioxide was also 
studied [28]. This study mainly focused on unveiling the reaction pathways and reported 
the formation of TBF, TBA, acetone and methyl acetate as intermediates.
2.2 Fenton’s Reaction
2.2.1 Fenton’s Reaction and its Uses
H.J.H Fenton in 1894 observed that iron when used with H2O2 produces highly reactive 
hydroxyl radicals (OH'). This reaction was named Fenton’s reaction after its inventor. 
Fenton’s reaction is used to treat various organic contaminates like phenols, 
formaldehyde, BTEX, wood preservatives, plastics, rubber chemicals and adhesives. 
Fenton’s reagent was also used to successfully treat pesticides, PCP (pentachlorophenol) 
[29], Trihalomethanes [30] and aromatic amines. It is also effective for treatment of 
industrial waste water and landfill leachate [31]. Fenton’s reagent when added to waste 
water, contaminated soils, sludge, removes toxicity, odor and color. This treatment helps 
in destruction of the organic pollutant. It improves the biodegradability and removes 
BOD (biological oxygen demand) and COD (chemical oxygen demand)
The iron catalyst used can be a ferrous salt (Fe2+) or a ferric salt (Fe+3). The 
ferrous salts are used for removing low concentration of MTBE (1-2 mg/L) while the 
ferric salts are used for high concentrations of MTBE. Fenton’s reaction with the ferric 
salt is also called modified Fenton’s reaction [31].
9
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2.2.2 Free radical generation
The Fenton’s reaction produces hydroxyl radicals. Hydroxyl radicals are one of the most 
reactive species known, second only to fluorine. Hydroxyl radicals are very unstable and 
have a high oxidation potential of (1.9 eV). The reaction is shown in Equation 2.1.The 
rate of degradation of MTBE is determined by the rate of generation of hydroxyl radicals, 
which in turn depends on the concentration of iron catalyst and concentration of H2O2. 
The hydroxyl ions react with MTBE either by an addition reaction or by hydrogen 
abstraction reaction.
Fe2+ + H20 2 Fe3+ + OH' + OH -2.1
Fe3+ + H20 2 -»• Fe2+ + *OOH + H+ - 2.2
where Fe2+ - ferrous ion, Fe3+ - ferric ion, OH* - hydroxyl free radical, H+ - hydrogen 
ions, OH' - hydroxyl ion, *OOH -  super oxide ion.
2.2.3 Conditions for Fenton’s Reaction
Fenton’s reaction has an optimum pH between 3 to 6  pH units. At a pH less than 3, H2O2 
decomposes to water and oxygen. In the basic pH region, iron forms a colloidal salt. The 
rate of reaction increases with increase in temperature. But at temperatures above 40°C, 
H20 2 degrades to water and oxygen. The reaction is exothermic and produces a large 
amount of heat which might even create an explosion. Temperatures between 20°C and 
40°C are generally maintained [31]. The amount of H2O2 required is greater than the 
stoichiometric amount needed for the reaction. This is due to co-contaminants present 
and the SOD (soil oxygen demand). The excess hydrogen peroxide rapidly degrades to 
water and oxygen and does not leave behind any harmful compounds.
10
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2.2.4 Other Fenton’s Reactions
Fenton’s reagent is also modified to produce super-oxide radical ions which increase the 
rate of degradation of MTBE. ISOTEC (In-situ oxidation technologies) manufactures 
patented chelated iron catalysts to treat waters contaminated with MTBE. This reaction is 
effective at neutral pH, thus preventing acidification of contaminated water. Some 
researchers state that superoxides can be produced under neutral conditions [28]. These 
reactions are not exothermic and produce harmless byproducts, CO2 and water.
A solution of H2O2 and a chelated form of iron sulfate or an acidified iron salt is 
injected into the subsurface in solution. The electrons lost by H20 2 are gained by MTBE. 
The byproducts of the reaction are TBA, MA and acetone, which are relatively harmless. 
Iron chelants like phosphates, EDTA, formaldehyde, citric acid and oxalic acid reduce 
the activity of Fenton’s reagent. Therefore the soil should be tested for these agents 
before treatment.
2.3 Adsorption
2.3.1 Principle of adsorption
Adsorption is a process in which certain solids concentrate specific substances from 
solutions onto their surfaces. The activity of the adsorbents depends on the nature of the 
adsorbates, its concentration and the temperature. The solute gets adsorbed on the surface 
of solids due to the intermolecular attractive forces also called as the Vander Waals 
forces. This is called physical adsorption. In chemical adsorption or chemisorption the 
solutes gets adsorbed due to the chemical interaction between the solute and the solid. 
Physical adsorption is reversible but chemical adsorption is irreversible.
11
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2.3.2 Breakthrough curve
Liquids are usually treated by passing them through stationary beds. The fluid to be 
purified is passed continuously through a relatively deep bed of adsorbent initially free of 
adsorbate. The initial layers of the solid come in contact with concentrated fluid; they 
absorb most of the pollutant. The very little pollutant which is not adsorbed by the initial 
layers is adsorbed by the remaining bed. At this stage the outlet from the bed is 
completely free of pollutant (shown at ‘A’ in fig 2.1). As the process continues more and 
more layers get concentrated with the pollutant. At a point called the breakthrough point 
the effluent concentration is no more zero (shown at ‘C’ in Fig 2.1). The concentration 
from the outlet keeps on increasing and will reach that of the inlet stream. The portion of 
the curve where the effluent concentration keeps on increasing is called the breakthrough 


















Figure 2.1: Break-through curve. [32]
12
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2.3.3 Regeneration
As the adsorbates accumulate on the surface, the activity of the solid decreases and the 
solid gets totally exhausted. The adsorbents can be regenerated by increasing the 
temperature or by decreasing the pressure. Desorption of the adsorbed solute by a solvent 
is called elution. A small part of the solute which enters the inner pores is difficult to 
remove. Solute builds up in the bed from one cycle to the other and the efficiency of the 
bed decreases. After a few runs the solid gets fully exhausted and has to be replaced.
2.4 Granular Activated Carbon Adsorption
2.4.1 Granular Activated Carbon Properties
Activated carbon is the most commonly used adsorbant as it has an internal surface area 
between 500 - 1500 m /g. Active carbon comes in two variations: Powder Activated 
Carbon (PAC) and Granular Activated Carbon (GAC). It is revivified by burning the 
carbon or by eluting the solute into a solvent.
2.4.2 Uses O f GAC
The GAC version is mostly used in water treatment. Granular activated carbons (GAC’s) 
are used for ground water purification, treating effluents from industries and 
declorination of process water. GAC can adsorb most of the organics, halogenated 
substances, yeasts and other fermentation products. It also removes foul taste and odor.
13
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2.4.3 MTBE adsorption on GAC
MTBE is highly soluble in water and has a low carbon partition coefficient, KoC. MTBE 
tends to concentrate in the aqueous phase than in the organic (carbon) phase. The 
adsorption capacity of GAC (granular activated carbon) is less for MTBE. The 
performance of GAC is further lowered by the presence of other organic pollutants like 
gasoline components, benzene and toluene. These components are strongly adsorbed on 
GAC thereby leading to competitive adsorption. Therefore granular activated carbon is 
only used for purifying water containing low concentrations of MTBE (10 to 100 pg/L). 
The GAC technology is efficient and cost effective treatment of MTBE. [33], It is 
because of the cost effectiveness that GAC technique is widely used in California for 
remediation of ground water containing MTBE in spite of the limitations of low 
adsorbent capacity.
Jollett and Cadena [34] carried test on six different commercial granular activated 
carbons to determine their absorptive capacities. Batch experiments were carried out and 
Freundlich isotherms were obtained. Continuous experiments on fixed bed carbon 
adsorbers were carried out and breakthrough curves were obtained [35]. Thomson et. al., 
used organozeolites for adsorption of MTBE from aqueous solutions [36]
Quinlivan and Li [37] evaluated the pore structure and surface chemistry effects. 
They systematically studied a matrix of activated carbon fibers (ACFs) with three 
activation levels and four surface chemistry levels. Adsorption capacities were 
determined for natural organic matter (NOM), for relatively hydrophilic methyl tertiary- 
butyl ether (MTBE) and relatively hydrophobic trichloroethene (TCE) in organic-free 
water, and for MTBE and TCE in the presence of NOM. It was observed that
14
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hydrophobic adsorbents more effectively removed TCE and MTBE than hydrophilic 
adsorbents. Ideal pore diameter was between 11 - 500 A.
Freundlich and Langmuir isotherm coefficients were developed for MTBE and 
ETBE on two common bituminous coal GACs: Calgon F400 and F600. The relative 
capacities on both Calgon F400 and F600 were DIPE>TAME>ETBE>MTBE>TBA, 
EtOH. No significant adsorption of either TBA or EtOH was observed on these carbons 
[38].
Coconut shell activated carbons have also been investigated for adsorption of 
MTBE [39], High quality coconut shell activated carbon is preferred to remove MTBE 
from drinking water. This is because of the high trace capacity and high receptivity of 
coconut shell activated carbons. It also provides low dust levels and robustness. Series of 
downstream adsorbers are preferred for better removal of MTBE. Coconut shell water 
filters are commonly used for MTBE removal.
Synthetic resins, both polymeric and carbonaceous, have been studied for the 
MTBE removal. Shih and Wangpaichitr [40] studied the absorbance capacity of synthetic 
carbonaceous resins for MTBE. They used Amersorb 563 carbonaceous resin and carried 
out small scale column tests. Cost comparison between coconut shell activated carbons 
and synthetic resins showed that the synthetic resins performed better than coconut shell 
activated carbons [40].
15
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2.5 Silica gel Adsorption
2.5.1 Silica gel properties
Silica gel is a polymer made from gel precipitated by acid treatment of sodium silicate 
solution. Silica gel is hard, granular, non-toxic, non-flammable and chemically 
unreactive. Silica gel is very porous. It has a porosity of 800 m2/g. It can adsorb water 
readily and is used as a dessicant (drying agent). It has the capacity to adsorb organic 
compounds and can be regenerated by heating it to 150°C (300°F) for 1.5 hours per liter. 
Some of the silica gel beads are doped with a moisture indicator, cobalt ((H)) choride. 
Cobalt (II) chloride is deep blue when dry and pink when moist. Silica gel is also 
sometimes coated with Phenolphthaline indicator which turns yellow when moist.
2.5.2 Uses of Silica Gel
Silica gel is used principally as a desiccant, dehydration of air and other gases, in gas 
masks and fractionation of hydrocarbons. Silica gel is also used in chromatography 
columns. Silica gel along with metals is also used as a reducing agent.
2.5.3 MTBE Adsorption on Silica Gel
Silica beta zeolite is shown to be effective for MTBE removal from water. The silica beta 
was prepared directly from gel, and it was more effective than dealuminated beta for 
MTBE adsorption. Water and 2-propanol adsorption isotherms showed that the all-silica 
beta is more hydrophobic than dealuminated beta. The amount of MTBE adsorbed on all­
silica beta increased linearly with MTBE concentration from 9.4 to 590 pg/L [41].
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2.6 Enzymatic Degradation
2.6.1 Peroxidases
Peroxidases are iron containing enzymes that use hydrogen peroxide (H2O2) as the 
electron acceptor to catalyze a number of oxidative reactions. The enzyme reacts with 
H2O2 to give a porphyrin n cation radical containing FeIv. In this reaction H2O2 is 
reduced to water and the enzyme is oxidized (Equation 2.3). FeIV n cation radical then 
oxidizes an organic substrate to give a substrate radical ( AH). In this reaction FeIV n - 
cation radical gets converted to a porphyrin ligand (Equation 2.4) [42 - 43].
R7 -Fe111 -  R77 + H20 2 -*  H20  + O -FeIV+ -  R77 + R7 - 2.3
O -Felv + -  R77 +AH2 —> AH + H++ O -FeIV -  R77 -2.4
Finally, the ligand is reduced back to the native ferric state with concomitant one electron 
substrate oxidation (Equation 2.3)
H+ + O -FeIV -  R77 + AH2 + R7 -»• AH + OH' + R7 -Fe111 -  R77 - 2.5
The peroxidase family of proteins includes mammalian (e.g., myelo-, lacto- and thyroid 
peroxidases), fungal (e.g., lignin and cytochrome c peroxidases), and plant (horseradish 
peroxidase) enzymes.
2.6.2 Horseradish Peroxidase
Horseradish peroxidase (HRP) is isolated from horseradish roots (Amoracia rusticana). 
HRP is a single chain polypeptide containing four disulfide bridges. It is a glycoprotein 
with a molecular weight of 44 kDa. HRP readily combines with hydrogen peroxide 
(H2O2) forming [HRP-H2O2] complex which can oxidize a wide variety of substances 
[44], The optimal pH of HRP is in the range of 6.0 to 6.5.
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2.6.3 Lignin Peroxidase
Lignin peroxidase is a hemoprotein that catalyzes the oxidative cleavage of C-C bonds in 
a number of compounds. It is also used in demethoxylation, benzylic alcohol oxidation, 
degradation of lignin and degradation of polycyclic aromatic hydrocarbons. Optimal pH 
for this reaction is 4.5 pH units and temperature range is 15-60°C.
2.6.4 Manganese peroxidase
Manganese Peroxidase is a hemoprotein involved in the oxidative degradation of lignin in 
white-rot basidiomycetes. It catalyzes the oxidation of Mn(II) to Mn(III) by H20 2. The 
Mn(III) ion so produces is very reactive.
2 Mn(II) + 2 H+ + H20 2 -► 2 Mn(III) + 2 HzO
Optimal pH for this reaction is 4.5 pH units and temperature range is 15-60°C. 
Manganese peroxidase is used for degradation of natural and industrial lignins, bleaching 
of paper pulp, degradation of polycyclic aromatic hydrocarbons, depolymerization nylon, 
bioremediation, decolorization of wastewater.
2.6.5 Previous studies on MTBE degradation using enzymes
Various studies were conducted on the removal of MTBE by enzymes. Kay- Shoemake 
and Watwood [45] studied the ability of lignin peroxidase systems of white-rot fungus, 
Phanerochaete chrysosporium to degrade MTBE. MTBE was added to ligninolytic 
cultures of Phanerochaete chrysosporium and incubated for about two weeks. Tests were 
conducted with varying MTBE concentrations. Veratryl alcohol was also added to the 
cultures. None of these test showed any significant degradation of MTBE.
18
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The lack of the oxidation of MTBE can be attributed to the molecular structure of 
MTBE. Lignin peroxidase can react with compound having an aromatic ring or an 
extended pi ( 7 t )  molecular orbital system and generate a radical cation intermediate. 
MTBE is an aliphatic ether and does not have an aromatic ring or an extended pi (71) 
molecular orbital, therefore it cannot be oxidized by lignin peroxidase systems.
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Methyl tert-butyl ether (purity 99.9%) was obtained from Fisher Scientific Company, 
Fair Lawn, NJ. Hydrogen peroxide (30%, specific gravity 1.1, 10M) and ferric 
ammonium sulfate ( Fe(NH4)(S0 4 )2* 12H20  ) were purchased from Mallinckrodt 
Chemical Works, St. Louis, MO. Horseradish peroxidase (Type II) from horseradish root, 
lignin peroxidase and manganese peroxidase were purchased from Sigma-Aldrich 
Company, St. Louis, MO as salt-free powders. Horseradish peroxidase has a specific 
activity of 100 fluka units/mg (1 U corresponds to the amount of enzyme, that oxidizes 1 
pmol ABTS (2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) ), Fluka No. 11557 
per minute at pH 6.0 and 25°C). Lignin peroxidase has a specific activity of 0.1 units/mg 
(1 U corresponds to the amount of enzyme, that oxidizes 1 pmol 3.4-dimethoxybenzyl 
alcohol per minute at pH 3.0 and 30°C). Manganese peroxidase has a specific activity of 
20 units/gram. (1 U corresponds to the amount of enzyme that oxidizes, 1 pmol Mn2+ per 
minute to Mn3+ at pH 4.5 and 25°C). Granular activated carbon from charcoal was used to 
adsorb the organic compounds. Silica gel desiccant, 10-18 mesh size, ACS grade was 
obtained from Fisher Scientific Company, Fair Lawn, NJ.
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3.2 Analytical methods
3.2.1 Gas Chromatograph
The concentration of MTBE in aqueous solution was measured by gas chromatography 
(GC). The chromatograph used was a Hewlett Packard 5890 model equipped with a 
Thermal Conductivity Detector (TCD) and a Restek R micro-packed column, which is a 
moderately polar column of divinyl benzene and N-vinyl-2-pyrollidinone copolymer. 
The column was 2 m x 2 mm I.D. in size. Helium was the carrier gas used in all the 
experiments. The pressure in the column was 37 psig and the flow rate of helium gas was 
35 ml/min. The oven, detector, and injector temperatures were set and maintained at 
190°C. The volume of the injected sample was 3 pL. The MTBE eluted at approximately
4.5 minutes. The ferric ammonium sulfate, horseradish peroxidase, and the hydrogen 
peroxide did not interfere with the measurements. A Hewlett-Packard, HP 3393 Series II 
Integrator was used with the GC to plot and calculate peak areas and retention times. The 
data were also recorded electronically with PEAK 96 software and the results were 
quantified using Origin 5.0.
3.2.2 pH Measurement.
Additional analysis includes pH monitoring of the solutions using Oakton pH meter kit.
3.3 Calibration of MTBE, TBA, MA and Acetone
Calibration curves were prepared for MTBE, TBA, MA and acetone. The temperature of 
the GC was set at 190°C and the flow rate of helium was 35 ml/min. Standard solutions 
of MTBE, TBA, MA and acetone with water were prepared as shown in Table 3.1. These
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solutions were filtered and 3 pL samples were injected into the GC using a gas tight 
Hamilton syringe and the resulting peaks were measured and quantified.
Table 3.1: Concentration of solutions prepared for calibrations.
Compound Calibration Range Amount of solution 
prepared
MTBE
1.233 g /L -  12.33 g/L 
or
0.014 M - 0.14 M
15 ml
TBA
0.15 g/L -  1.5 g/L 
or
0.0021 M - 0.0128 M
1 0  ml
MA
0.19 g / L - 1.12 g/L 
or
0.0025 M - 0.015 M
1 0  ml
Acetone
0.15 g/L -0 .9 5  g/L 
or
0.00272 M - 0.0165 M
10  ml
The calibration curves for MTBE, TBA, MA and acetone are shown in Figure 3.1, Figure 
3.2, Figure 3.3 and Figure 3.4 respectively. The retention time for MTBE, TBA, MA and 
acetone are 4.5, 4.4, 3.2, and 3.2 minutes respectively as shown in Table 3.2. The 
calibration equations for these compounds are shown in Table 3.2.






MTBE 4.5 GC reading = 9E+06*MTBE Cone (moles/L)
TBA 4.4 GC reading = 9E+06*TBA Cone (moles/L)
MA 3.2 GC reading = 8E+06*MA cone (moles/L)
' Acetone 3.2 GC reading = 7E+06*MA concentration (moles/L)
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Figure 3.1: MTBE Calibration Curve. Temp of GC =190° C, Helium flow rate 35ml/min, 
Calibration equation: GC reading = 9E+06*MTBE concentration (moles/L)
Retention Time 4.5 minutes
y = 9E+06x -9 2 2 3 .5
R = 0.9944
l -------------- 1-------------- 1-------------- 1-------------- 1-------------- 1-------------- -
0.04 0.08 0.12
Concentration of MTBE (moles/L)










0 0 .004  0 .008 0 .012 0 .016
C oncentration  of TBA (moies/L)
Figure 3.2: TBA Calibration Curve. Temp of GC =190° C, Helium flow rate 35ml/min, 
Calibration equation: GC reading = 9E+06*TBA concentration (moles/L)
Retention Time 4.4 minutes
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0      ------------------
0 0.004 0.008 0.012 0.016
Concentration of MA (moles/L)
Figure 3.3: MA Calibration Curve. Temp of GC =190° C, Helium flow rate 35ml/min, 
Calibration equation: GC reading = 8E+06*MA concentration (moles/L)
Retention Time 3.2 minutes
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0  H 1------------1------------1------------1----------- 1------------1------------1-----------
0 0.005 0.01 0.015 0.02
Concentration of Acetone (moles/L)
Figure 3.4: Acetone Calibration Curve. Temp of GC=190° C, Helium flow rate 35ml/min 
Calibration equation: GC reading = 7E+06*Acetone concentration (moles/L)
Retention Time 3.2 minutes
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3.4 Degradation of MTBE using Fenton’s Reagent
3.4.1 Preparation of Ferric Ammonium Sulfate (FAS).
A I L  stock solution of 3.3 g/L FAS solution was prepared. It was stirred for one and a 
half hours on a stirrer plate using a magnetic stirrer, until all the FAS dissolved.
3.4.2 MTBE Degradation.
Batch experiments were conducted to study the shift in pH as the reaction progresses. 
Highly concentrated MTBE solution was reacted with Fenton’s reagent in a batch reactor 
at 20°C. The reactors were 25 ml glass vials manufactured by Kimble glass Inc. The 
vials were sealed with PTFE-faced silicone septum and a poly butyl terephthalate open- 
top cap. This allowed the reaction vessel to be completely sealed from the environment, 
thus eliminating loss of MTBE through vaporization while allowing for samples to be 
removed via a fine needle syringe.
Monitoring the pH was essential to ensure that the reaction progressed as planned. 
pH of the distilled water used for the preparation of 1 L 3.3 g/L FAS stock solution was 
measured. 5 ml of FAS solution was taken and to it 250 pL of MTBE was added and its 
pH was measured. To this solution 10 mL of 33.33 % H2O2 was added and pH of the 
solution was measured. The final concentration was 0.14 M MTBE, 1.1 g/L FAS and 
6.667 M H2O2. The solution was stirred on a stirrer plate using a magnetic stirrer. A small 
sample of the reaction mixture was taken at 30 minute intervals and filtered using a 33 
mm millex filter unit, 0.2 pm pore size, with polyethersulfone membrane from Millipore 
and its pH was measured. 3pL of the filtered sample were injected into the GC. A clean 
10 pL glass, gas tight Hamilton syringe was used for injecting the sample into the GC.
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The elution peaks obtained were stored in a computer using Peak 96 and quantified using 
Origin 5.0. The reaction was carried out for 240 minutes until there was no further 
degradation of MTBE.
3.4.3 Effect of pH on the degradation of MTBE using Fenton’s reagent
One of the major factors that affects the rate of removal of MTBE is the pH of the 
Fenton’s solution; therefore experiments were conducted to study this effect. The 
Fenton’s reaction was carried out at pH’s ranging from 2 - 6  pH units. MTBE solution 
was reacted with Fenton’s reagent in a 25 ml glass vial sealed with PTFE-faced silicone 
septum and a poly butyl terephthalate open-top cap. The reaction was carried at 20°C.
5 mL of 3.3 g/L FAS stock solution was taken. To it 250 pL of MTBE was added. 
To this solution 10 mL of 33.33 % H2O2 was added and the pH of the so formed solution 
was measured. The final concentration of the solution was 0.14 M MTBE, 1.1 g/L FAS 
and 6.667 M H2O2. The solution was stirred and samples were analyzed every 30 
minutes. The reaction was carried out for 240 minutes until there was no further 
degradation of MTBE and the final pH was measured. The reaction was carried out at 
different pH’s (2, 3, 4, 5 and 6  pH units) by adding either a few drops of dilute NaOH 
solution (0.01 M) to increase pH or dilute acetic acid to decrease pH.
3.4.4 Effect of Concentration of H2 O2 and FAS on MTBE degradation.
The effect of concentration of hydrogen peroxide and ferric ammonium sulfate on the 
degradation of MTBE was investigated and analyzed using JMP statistical analysis 
software. The MTBE degradation was carried out at 12 different conditions with varying
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amounts of FAS and H2O2, while the concentration of MTBE was maintained constant. 
All the twelve experiments for the twelve conditions were carried out twice to provide 
replicates for JMP analysis of the data. The FAS concentration had 3 levels (0 g/L, 0.55 
g/L and 1.1 g/L). The H2O2 concentration had 4 levels (0 M, 2 M, 4 M and 6.667 M). The 
details are shown in Table 3.3.







1 12.33 0 0
2 12.33 0 2
3 12.33 0 4
4 12.33 0 6.667
5 12.33 0.555 0
6 12.33 0.555 2
7 12.33 0.555 4
8 12.33 0.555 6.667
9 12.33 1.1 0
10 12.33 1.1 2
11 12.33 1.1 4
12 12.33 1.1 6.667
The preparation of solutions for all the conditions is discussed in the following 
paragraphs.
The first four conditions produce the base line data in testing the necessity of FAS 
for the removal of MTBE. FAS was not added in the four tests but the concentration of 
H2O2 was varied. For each of the four tests 5 ml of water was placed in 25 mL glass vials
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and to it 250 pL of MTBE was added. 0 mL, 3 mL, 6  mL and 10 mL of H2C>2 were added 
so that the concentrations of H2O2 in the solutions were 0 M, 2 M, 4 M and 6.667 M, 
respectively.
The conditions 5 to 8 have FAS concentration of 0.555 g/L. To prepare these 
solutions, four 25 mL glass vials were taken and to each 2.5 mL of 3.33 g/L stock 
solution, 2.5 mL of water and 250 pL of MTBE were added. Varying amounts of H20 2 (0 
mL, 3 mL, 6  mL and 10 mL of H2O2) were added to these four vials. The effect of H20 2 
on the reaction rate was studied from conditions 5-8.
FAS concentration was further increased to 1.1 g/L in the last set 9-12. For each 
of these four tests, 250 pL of MTBE was added to 5 mL of 3.3 g/L FAS solution in 25 
mL glass vials. To achieve concentrations of 0 M, 2 M, 4 M and 6.667 M H2O2, 0 mL, 3 
mL, 6  mL and 10 mL of 33.3% H2O2 were added to the glass vial, respectively.
The solutions were prepared as described above and the pHs of the solutions were 
measured. To prevent the evaporation of MTBE the glass vials were sealed with PTFE- 
faced silicone septum and a poly butyl terephthalate open-top cap. To measure the time 
for each of the above reactions, a stop watch was used. The reactors were stirred 
continuously with a stirrer. Samples of the reaction mixture were taken via a fine needle 
syringe at regular intervals and were filtered using a 0.2 pm pore size, 33 millex filter 
unit. A 10 pL glass, clean, gas tight Hamilton syringe was used and 3pL of the filtered 
sample was injected info the GC. The elution peaks obtained were stored in a computer 
using Peak 96 and quantified using Origin.
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3.4.5 Analysis of the Products produced by the Fenton’s Reaction of MTBE
The detection of the carcinogenic products produced by the Fenton’s degradation of 
MTBE is very essential for implementation of this technique to large MTBE polluted 
sites. Previous studies state that methyl acetate, tert- butyl alcohol and acetone and 1- 
methyl- 2- propene were the products formed during the Fenton’s reaction of MTBE.
Gas Chromatography-Mass Spectroscopy (GC-MS) analysis of the reaction 
samples were carried out to determine the products produced in the reaction. Two 
samples were prepared for analysis. The first sample consisted of 12.33 g/L MTBE, 1.1 
g/L FAS, 6.667 moles/L H2O2 reacted for a period of 90 minutes. In the second sample 
12.33 g/L MTBE, was reacted with 1.1 g/L FAS and 6.667 moles/L H2O2 for a period of 
240 minutes. This was done to determine the reaction intermediate products and the final 
reaction products after completion of the Fenton’s reaction. The samples were analyzed 
in Dept of Environmental Services, Concord. The analyses were performed by adding 
20pL of each sample to 5mL of lab reagent water and analyzed by purge and trap 
GC/MS. The elution times of the products of the above reaction were compared to the 
standard solutions of TBA, MA and acetone. Standards were diluted in methanol and 
then spiked into lab reagent water and analyzed.
3.5 Adsorption of MTBE
3.5.1 Experimental Set Up
A continuous experimental set-up was used to obtain the breakthrough curves: a 
schematic diagram of the experimental set up is presented in Fig 3.5. It consists 
essentially of a glass column, peristaltic pump, feed flask and a collector flask. The feed
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flask was stirred with a magnetic stirrer to avoid the immiscible solutions to separate into 
phases. The flasks were covered with a tight rubber stopper and parafilm to avoid 
evaporation of the volatile substances. A glass column of 15 cm length and 2.6 cm 
diameter is filled with the adsorbent. Both sides of the column was sealed with glass wool 
and stainless steel caps. The stainless steel caps had openings 1 mm in diameter at the 
center. Tygon laboratory tubing of 1/16 inch inner diameter and 1/8 inch outer diameter 
were connected to the openings on the either side of the of stainless steel caps. The 
column was filled with the adsorbent. The solution was pumped into the glass column 
with the help of a peristaltic pump. The flow rate of the solution flowing through the 
column was varied by adjusting the speed of the pump. The solution entered the column 
at one end through the tubing and left the other end through the second tubing and was 






Figure 3.5: Experimental set up for adsorption.
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3.5.2 Adsorption on Granular Activated Carbon Columns.
One and half liters of 0.01 M (0.88 g/L) MTBE solution was added to a 2-liter feed flask. 
The flask was tightly sealed to avoid evaporation of the volatile MTBE. The solution was 
stirred with a magnetic stirrer to dissolve the MTBE in the water. A glass column of 15 
cm length and 2 .6  cm diameter was filled with granular activated carbon which was 
prepared from coconut shells. The flow rate of MTBE solution was set at lOml/min. 
Samples were collected every 10 minutes from the column outlet tubing. The samples 
were filtered with a millex filter from Millipore. 3 pL of the filtered sample was 
introduced into the GC and the concentration of MTBE in the solution was measured. 
The adsorption was carried out until the concentration of the solution coming out of the 
column was equal to the concentration of the solution entering the column. The 
concentration of the solution exiting the column was plotted against time to give the 
break- through curve.
3.5.3 Adsorption on Silica gel Columns
One liter solution of 0.88 g/L MTBE solution was prepared in a 2 liter feed flask. A glass 
column 15 cm in length and 2.6 cm diameter was filled with Silica Gel of size 1 0 - 1 8  
mm. The column was sealed with glass wool and steel caps on both sides. The steel caps 
had tubing connected on both sides. The MTBE solution was pumped into the column 
with a peristaltic pump at a speed of 5 ml/min. Samples of solution from the column were 
collected every 10 minutes and analyzed. The concentration of the solution exiting the 
column was plotted against time to give the breakthrough curve. To get the complete
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break through curve the adsorption was carried out until the concentration of the solution 
entering the column was equal to the concentration of solution exiting the column.
3.5.4 Type of Adsorption
Tests were performed to verify if  the adsorption of MTBE on the activated carbon and 
silica gel was due to Van der Waals forces or due to the formation of a chemical bond,
i.e, physical adsorption or chemical adsorption. The carbon column and the silica gel 
column saturated with MTBE were treated with distilled water. Distilled water was 
pumped into the carbon column saturated with MTBE at a flow rate of 10 ml/min. In the 
case of the silica gel column, the flow rate of the distilled water was 5 ml/min. The 
solution leaving the column was collected every 10 minutes, filtered and 3pL of the 
sample was introduced into the GC and the concentration of MTBE was measured. 
Desorption process was continued until no further change in the concentration of MTBE 
in the solution was observed.
3.5.5 Use of regenerated column.
The granular activated carbon columns and the silica gel columns were regenerated by 
desorbing them with distilled water. The regenerated columns were again used for 
adsorption of more MTBE solution. The flow rate on the carbon column was 10 ml/min 
and that on the silica gel column was 5 ml/min. The solutions from the columns were 
collected every 10 minutes and analyzed. Simultaneous adsorption and desorption runs 
were carried out on the carbon and silica gel beds until the beds could no longer adsorb 
any more of the MTBE solution.
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3.5.6 Adsorption of products on activated Carbon bed and silica gel bed.
The products from the MTBE reactions were adsorbed onto the activated carbon bed or 
silica gel bed to test the carbon removal efficiency for the products. Synthetic solutions of 
the products were prepared and adsorbed on the carbon bed. Solutions prepared were
1. 1 liter solution of 0.88 g/L TBA
2. 1 liter solution of 0.88 g/L MA
3. 1 liter solution of 0.88 g/L Acetone
The flow rate of these solutions was 10 ml/min on the carbon bed and 5 ml/min on silica 
gel bed. The concentration of the above solutions exiting the column was measured using 
the gas chromatography. The breakthrough curves for TBA, MA and Acetone were 
obtained by plotting concentration versus time.
3.5.7 Fenton’s reaction - Adsorption
Tests were performed to adsorb the by products produced in the Fenton’s reaction of 
MTBE on carbon bed and silica gel bed. MTBE solution was reacted with Fenton’s 
reagent in a 250 ml glass flask. The flask was tightly sealed using a rubber stopper and 
parafilm. The reaction was carried at 20°C. 50 mL of 3.3 g/L FAS stock solution and 2.5 
mL of MTBE were added. To this solution 100 mL of 33.33% H2O2 was added. The final 
concentration of the solution was 0.14 M MTBE, 1.1 g/L FAS and 6.667 M H20 2. The 
total volume of solution is 150 ml. The solution was stirred on a stirrer plate using a 
magnetic stirrer. The reaction was carried out for 240 minutes. The amount of remaining 
MTBE was measured and 250 ml of water is added to dilute the mixture. This solution 
was adsorbed on the carbon column and silica gel column.
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3.6 Enzymatic Degradation
3.6.1 Preparation of phenol solution
0.5 g of phenol was added to water to prepare 10 g/L of phenol solution.
3.6.2 Preparation of horseradish peroxidase solution
An aqueous horseradish peroxidase stock solution was prepared by dissolving 0.016 g of 
solid horseradish peroxidase in distilled water to give 10 mL of 160 units/mL HRP 
solution.
3.6.3 Preparation of lignin peroxidase solution
0.1 units of solid lignin peroxidase were dissolved in distilled water to give 1 mL of 0.1 
units/mL lignin peroxidase solution.
3.6.4 Preparation of manganese peroxidase solution
20 units of manganese peroxidase were dissolved in distilled water to give 1 mL of 20 
units/mL manganese peroxidase solution.
3.6.5 HRP catalyzed degradation of MTBE
250 pL of MTBE (99.9%), 250 ml of H20 2 (30%), 1 ml of phenol stock solution 
and 1 ml of HRP stock solution and 7.5 ml of water were added to a 25 ml glass vial. The 
vials were sealed with PTFE-faced silicone septum and a poly butyl terephthalate open- 
top cap. This allowed the reaction vessel to be completely sealed from the environment, 
thus eliminating loss of MTBE through vaporization while allowing for samples to be
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removed via a fine needle syringe. The reaction mixture consisted of a 10 ml solution of
18.5 g/L (0.2 M) MTBE, 1 g/L of phenol, 0.2 M H2O2 and 0.16 g/L (16 units/ml). pH of 
the solution was maintained at 6  pH units. The reaction was carried for three days at 
room temperature. Samples were taken and tested for conversion of MTBE.
3.6.6 Lignin peroxidase
250 pL of MTBE (99.9%), 250 ml of H2O2 (30 %), 1 ml of phenol stock solution • 
and 0.25 ml of lignin peroxidase stock solution and 8.25 ml of water were added to a 25 
ml glass vial. The reaction mixture consisted of a 10 ml solution of 18.5 g/L (0.2 M) 
MTBE, 1 g/L of phenol, 0.2 M H2O2 and 0.025 units/ml. pH of the solution was 
maintained at 3 pH units. The reaction was carried at room temperature for three days. 
Samples were taken and tested for conversion of MTBE.
3.6.7 Manganese peroxidase
250 pL of MTBE (99.9%), 250 ml of H2O2 (30 %), 1 ml of phenol stock solution 
and 0.25 ml of manganese peroxide stock solution and 8.25 ml of water were added to a 
25 ml glass vial. The reaction mixture consisted of a 10 ml solution of 18.5 g/L (0.2 M) 
MTBE, 1 g/L of phenol, 0.2 M H2O2 and 5 units/ml. pH of the solution was maintained at 
4.0 pH units. The reaction was carried at room temperature for three days. Samples were 
taken and tested for conversion of MTBE.
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER IV
RESULTS AND DISCUSSION
This chapter is divided into three sections. The first section deals with the removal of 
MTBE using modified Fenton’s reagent. The effect of pH, concentration of ferric 
ammonium sulfate and concentration of H2O2 are examined in. The second section deals 
with the adsorption of MTBE and the products produced by modified Fenton’s 
degradation of MTBE on granular activated carbon and silica gel. Section three is 
concerned with the enzymatic degradation of MTBE with commercially available 
peroxidases like horseradish peroxidase, magnesium peroxidase and lignin peroxidase.
4.1 Degradation of MTBE using Fenton’s Reagent
4.1.1 Shift in the pH with the progression of Fenton’s reaction.
The pH shift with the progression of the reaction is shown in Figure 4.1. The pH of 
distilled water used was 6.5. A 5 ml solution of 3.3 g/L FAS was prepared using distilled 
water and its pH was 5.5 - 6  pH units. This is due to the residual amount of H2SO4 in 
ferric ammonium sulfate. The pH further plummeted to 4 when 10 mL of 33.33% of 
H20 2 was added as H2O2 is acidic. The reaction started when H2O2 was added to the 
solution. As the reaction progressed, methyl acetate, acetone and tertiary-butyl alcohol
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were formed and the pH gradually dropped to 3 pH units. The absence of such a pH 
decrease may mean that the reaction is inhibited.
4.1.2 Effect of pH on the degradation of MTBE using Fenton’s reagent
It is observed that the MTBE degradation takes place only in the pH range of 2-5 pH 
units. The MTBE conversion drops on the alkaline side due to the transition of iron from 
a hydrated form to a colloidal salt. In the acidic medium, iron catalytically decomposes 
the H2O2 into oxygen and water, without forming hydroxyl radicals. Effect of pH on the 
degradation of MTBE using Fenton’s reagent within the pH range of 2 -5 pH units is 
demonstrated in Figure 4.2. It is observed that at a pH of 4, maximum conversion of 
MTBE takes place. It is also observed that the reaction starts at 4 pH units but as the 
reaction proceeds, the pH falls to 3 pH units due to the formation of acidic products. At a 
pH of 2 units the conversion is 0.84. The conversion increases as the pH is increased and 
reaches a maximum at 4 pH units. The conversion falls as the pH increases to 5 pH units. 
Therefore a pH of 4 units was maintained in all the experiments with Fenton’s reagent.
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Figure 4.1: Shift in pH of the solution as the Fenton’s reaction progresses. 
0.14 M MTBE, 1.1 g/L FAS, 6.667 M H20 2, 20°C.
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Figure 4.2: Removal of MTBE at different pHs. 0.14 M MTBE,1.1 g/L FAS, 6.667 M 
H20 2, 20°C.
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4.1.3 Effect of Concentration of FAS and H2O2 on the degradation of MTBE.
Figures 4.3 and 4.4 demonstrate the dependence of the degradation of MTBE on ferric 
ammonium sulfate (FAS) and hydrogen peroxide (H2O2) concentration. The initial 
amount of MTBE present was 0.14 M in all the tests. It is seen that the MTBE conversion 
reaches a maximum after 240 minutes. Continuation of the reaction for longer time does 
not result in further conversion of MTBE. For instance 90% of MTBE is removed in 240 
minutes at 1.1 g/L concentration of FAS and 6.666 g/L concentration of H2O2. 
Continuing the reaction for longer time does not increase the conversion of MTBE 
beyond 90%.
The removal efficiency of MTBE decreased as the concentration of FAS was 
decreased as seen in Figure 4.3. At a concentration of 1.1 g/L FAS, the removal of MTBE 
is 90%. As the initial concentration of FAS was reduced to half (0.55 g/L FAS), the 
removal of MTBE was reduced to 68%. MTBE was not at all degraded when FAS was 
not added. When the concentration of FAS was reduced, MTBE removal was not 
complete because FAS amount was limiting although H2O2 was present in excess. The 
graphs elucidate that FAS is essential for the degradation of MTBE and increase in FAS 
concentration increases the conversion of MTBE. Similarly Figure 4.4 illustrates the 
effect of H2O2 on MTBE removal efficiency. The concentration of FAS was maintained 
constant at 1.1 g/L in all the runs. It is seen that for 6.667 M, 4 M and 2 M and 0 M 
concentration of H2O2, MTBE removal is 90%, 78%, 56% and 0% respectively. The 
reduction in MTBE removal is because of the limiting amount of H2O2 present. Sufficient 
amount of H2O2 should be supplied for the completion of the reaction. It is also observed 
that the reaction does not take place in the absence of H2O2.
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Figure 4.3: Removal of MTBE at FAS concentration of 0 g/L, 0.55 g/L and 1.1 g/L. 0.14 
M MTBE, 6.667 M H20 2, pH 3.0, 20°C, 4h.
43





















-  -  -  -  2 M H202
 4 M H202
. . 6.667 M H202
0 50 - 1 0 0  150 200
Time (m inutes)
250
Figure 4.4: Rem oval o f  M TBE at H20 2 concentration o f  0 M, 2 M, 4 M and 6.667 M. 
0.14 M MTBE, 1.1 g/L FAS, pH 3.0, 20°C, 4h.
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When the concentration of FAS was reduced to 0.55 g/L and the concentration of 
H2O2 was also reduced to 4 M, the MTBE removal decreased to 33%. If the amount of 
H2O2 was further decreased to 2 M and the concentration of FAS was maintained at 0.55 
g/L, the MTBE removal was negligible. These results are shown in Figure 4.5 Therefore 
both FAS and H2O2 should be available in large quantities to ensure completion of the 
reaction. The reaction scheme is shown in Equations 4.1 - 4.7 on page 49.
Analysis performed using the statistical software JMP 6.0 also showed similar 
results. Two replications were carried out to obtain accurate results. This experiment was 
conducted without the use of blocking factors. Blocking is employed to avoid variation 
from other sources. This is done by maintaining all the factors constant. The function “Fit 
Model” was used to analyze the results and develop the best possible model to describe 
the data. The data table used in JMP can be seen in Figure 4.6. The results show that 
maximum conversion was achieved with maximum FAS concentration (1.1 g/L) and 
maximum hydrogen peroxide concentration (6.667 M). The time for the completion of 
the reaction was 4 hours.
Interaction between FAS concentration and hydrogen peroxide concentration also 
exists. To get maximum conversion, the concentration of FAS should be 1.1 mg/L and 
the concentration of hydrogen peroxide should be 6.667 M, and the reaction should be 
carried out for 240 minutes. These conclusions are drawn very clearly from the data, 
where the model indicates that FAS concentration, hydrogen peroxide concentration, and 
their interaction are all very significant parameters (Figure 4.7).
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Figure 4.5: Removal of MTBE at H2O2 concentration of 0 M, 2M, 4M and 6.667 M, 
0.14 M MTBE, 0.55 g/L FAS, pH 3.0, 20°C, 4h.
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P a r a m e te r  E s t im a te s
Term Estimate Std Error t Ratio Prob>|t|
Intercept -0.252271 0.044503 -5.67 <.0001
FAS 0.5092514 0.046659 10.47 <.0001
H202 0.070135 0.006859 8.82 <.0001
(FAS-0.55083)*(H2O2-3.16675) 0.1173653 0.019727 5.95 <0001
E ffec t T e s ts
Source Nparm DF Sum of Squares F Ratio Prob > F
FAS 1 1 1.2552094 109.5329 <.0001
H202 1 1 0.8914241 77.7880 <.0001
FAS*H202 1 1 0.4056160 35.3951
S c a le d  E s tim a te s
Continuous factors centered by mean, scaled by range/2
<.0001
Term Scaled Estimate Std Error t Ratio Prob>|t|
Intercept 0.2756756 i ! : : 0 .021  bsi 12.62 <0001
FAS 0.2600083 ; H H H I  0.026762 10.47 <0001
H202 0.260463 I I I I M B M  0.029532 8.82 <0001
(FAS-0 55083)*(H2O2-3.16675) 0.2151805 i H B T  0.036169 5.95 <0001
Figure 4.6: JMP analysis for the Fenton’s reaction data.
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Figure 4.7: Prediction Profiler for the Fenton’s reaction data. 
High desirability -  1.1 g/L FAS and 6.667 M H2O2
Increase in concentration of FAS beyond 1.1 g/L and concentration of H2O2 
beyond 6.667 moles/L results in increase of temperature o f the reactor contents and a 
possible explosion. The volatilization of H2O2 and the violent decomposition of H2O2 
produce heat. A large volume of 0 2 and CO2 are also produced. Therefore further 
increase of either of the concentration of the compounds is not recommended. Increase of 
time of reaction beyond 240 minutes does not increase the removal of MTBE by a 
significant amount, therefore increase of time is also not recommended.
Previous studies only dealt with the degradation o f  MTBE at low concentrations 
(1-2 mg/L) using Fenton’s reagent (Ferrous salt and H20 2) [31]. The highest 
concentration used in these studies was 0.0005 M. This method failed to degrade MTBE 
at high concentration. As seen in figures 4.3, 4.4 and 4.5, the reaction of ferric
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ammonium sulfate (FAS) salt with excess H2O2 was able to degrade high concentrations 
of MTBE. The reaction of the ferric salt and hydrogen peroxide is called “modified 
Fenton’s reagent” or “Fenton’s like reagent”.
It is also observed that the FAS solution which is yellow in color turns to dark 
brown upon addition of H2O2. As the reaction progresses, the dark brown color lightens 
and finally clears up as the reaction reaches completion. Ferric ammonium sulfate 
dissolves in water and produces ferric ions (Fe+3) which turn the solution yellow. The 
dark color is due to the production of Fe-OOH2+ when Fe+3 ions react with H2O2 as 
shown in Equation 4.1. As the reaction progresses the Fe-OOH2+ breaks down to 
hydroperoxyl radicals and ferrous ions (Equation 4.2), therfore the brown colour slowly 
disappears. The ferrous ions react with H2O2 to form Fenton’s reagent. Fenton’s reagent 
produces hydroxyl ions as shown in Equation 4.4.
Fe3+ + H20 2 = Fe-OOH2+ + H+ 
Fe-OOH2+ = HOO* + Fe+2
4.1.
4.2.
Fe+2 + HOO* = Fe+3 + HOO' 4.3.
additional reactions stimulated by the presence of the ferrous ion include: 
Fe+2 + H2O2 = Fe+3 + OH* + OH' (the Fenton's Reaction)
OH* + Fe+2 = HO' + Fe3+
4.4.
4.5.
OH* + H20 2 = H20  + HOO* 
Fe3+ + HOO* = Fe2+ + 0 2 + H+ 4.7.
4.6.
Fe2+ - Ferrous ion, Fe3+- Ferric ion, Fe-OOH2+ - The brown product, HOO*-hydroperoxyl
radical, HOO' - hydroperoxyl ion, OH - hydroxyl radical, OH' - hydroxyl ion
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The hydroperoxyl radical and the peroxide radical both have high oxidation 
potential, they undergo addition reactions or hydrogen abstraction reaction with MTBE to 
break down the otherwise recalcitrant MTBE molecule. As seen in Equation 4.3, the 
ferrous ions are converted back to ferric ions. Therefore in the net reaction, the presence 
of iron is truly catalytic and the generated radicals then engage in secondary reactions.
4.1.4 Analysis of the Products produced by the Fenton’s Reaction of MTBE
Figures 4.8 and 4.11 show the chromatograms of the GC/MS analysis of Sample #1 
(12.33 g/L MTBE, 1.1 g/L FAS, 6.667 moles/L H2O2 reacted for 120 minutes) and 
Sample #2 (12.33 g/L MTBE, 1.1 g/L FAS, 6.667 moles/L H2O2 reacted for 240 
minutes). These samples were analyzed by Department of Environmental Services in 
Concord, NH. Analysis of the first sample gave rise to 5 peaks in the chromatogram. 
Acetone, TBA and MTBE are unequivocally identified by comparison of retention time 
and mass spectra with known standards. Two peaks were tentatively identified as methyl 
acetate (r.t. = 3.8 min) and 2-methyl-1-propene (r.t 6.5 min), shown in Figures 4.9 and 
4.10 respectively. The analysis of Sample #2 gave rise to only peaks associated with 
acetone and MTBE (see Figure 4.11).
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Figures 4.8: Chromatograms of the GC/MS analysis of Sample #1 (12.33 g/L MTBE, 1.1 
g/L FAS, 6.667 moles/L H2O2 reacted for 120 minutes)
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
J^nvironrirtMrt.illMWAo.^ yvt* - {>UMIU.*1/ lO2805‘i 1' y*»
&  Fie Ink Tuner In*C4 ConCai. Quant ISC Lib Tools Jobs Help_ _ _ _ _ _ _ _ ...........................







Scan 422 (3.784 mint 1028 510.D





dfe ’ 4b '4 '^ db ' ’ sb’ ’ W ’ ?bT
7® 82) I » I t I
i ‘T i . ’eb’ ’ ibo
ab sb ’' 16c 
„ti *uw
j l s t a r t j i ; j j  H  E b  M  <B &  11 g |lf tb o s -M ..,j  g%5EEPPAK | tQ pocum en...) ^ P o c u rn e n .. . |l ^ £ n v » o n ~  # 0  10:25AM
Figure 4.9: Library search of Peak at 3.8 min.
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Figure 4.10: Library search of Peak at 6.5 min.
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Figures 4.11: Chromatograph for GC/MS analysis, Sample #2 (12.33 g/L MTBE, 1.1 g/L 
FAS, 6.667 moles/L H20 2 reacted for 240 minutes).
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4.2 Adsorption of MTBE on Carbon bed and Silica Gel Bed.
4.2.1 Adsorption on Granular Activated Carbon and Silica gel columns.
Figure 4.12 and Figure 4.13 show the breakthrough curves for the MTBE adsorption on 
granular activated carbon and silica gel, respectively. The feed concentration of the 
MTBE solution was 0.01 M (0.88 g/L). The flow rate of MTBE solution was 10 ml/min 
through the carbon column and 5 ml/min on the silica gel column. The column was 15 
cm in length and 2.6 cm diameter. In the carbon column, the MTBE was completely 
adsorbed for 25 minutes. After 25 minutes the concentration of MTBE in the solution 
slowly started to increase and reached a maximum after 200 minutes. Beyond 200 
minutes no further adsorption of MTBE took place and the column. was completely 
saturated. In the silica gel column, MTBE was completely adsorbed for 10 minutes. The 
concentration of MTBE in the solution exiting the column slowly started to increase after 
10 minutes and reached a maximum after 90 minutes. Beyond 90 minutes no further 
adsorption of MTBE took place and the column was completely saturated. The 
breakthrough curves for the MTBE adsorption on the activated carbon column and silica 
gel column are S shaped.
54







0 50 100 150 200
Time (minutes)
Figure 4.12: Adsorption of MTBE on activated carbon column, flow rate 10 ml/min.
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Figure 4.13: Adsorption of MTBE on silica gel column, flow rate 5 ml/min.
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The mass transfer equations for fixed bed adsorption are obtained by the solute 
material balance on a section ‘dL’ of the bed as shown in Figure 4.14. The change in 
superficial velocity is neglected. The rate of accumulation of the solute in the fluid and 
the solid is the difference between input and output mass flows. In case of dilute solution, 
the accumulation in the liquid, the 1st term, is negligible, so it is ignored.
8 dddi + (1- s) pp dW/dt = uo <9c/dL 4.8
uo is the velocity of the fluid through the column and pp is the density of the particle ‘s’ is 
the external void fraction of the bed, c is the concentration of solute in water, ‘W’ is the 
concentration of solute in solid, t is the time and L is the length of the column.
c + dc
Figure 4.14: Mass balance for a section of a fixed bed [46].
The mass transfer in the solid particles involves diffusion through the film around the 
particles and diffusion through the pores. The mass transfer process can be described 
using an overall volumetric coefficient and an overall driving force.
(1- 8) Pp aw /at = Kca (c -c*) 4.9
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‘Kc’ is the overall volumetric mass transfer coefficient ‘a’ is the external surface area of 
the particles and ‘c*’ is the concentration at equilibrium at the surface of the solid. The 
solution to equations 4.8 and 4.9 involve a dimensionless time x and N 
T = t/t* and N = IQaL/uo 
where t* is the ideal time 
t* = L p p(W sat-W o)/(uoCo)
Wsat is the saturation value of the solute in the solid.
If the mass transfer rate was infinitely rapid the breakthrough curve would have 
been a vertical line at t*. The S shape of the curve confirms the presence of mass transfer 
resistance. Mass transfer resistance in adsorption can be due to external film resistance or 
pore diffusion resistance. In Figure 4.15 the solid line shows the breakthrough curve 
predicted if the mass transfer is controlled only by the external film surrounding the 
carbon particles. The slope of this curve increases with time, and C/Co reaches 1 at N(T- 
1) = 1. The dashed line on the other hand describes the other extreme where pore 
diffusion controls the rate of mass transfer. It has a shape opposite to that of external film 
diffusion.
Figures 4.12 and Figure 4.13 show that the MTBE adsorption curve on both activated 
carbon column and silica gel column are S shaped. Therefore, both film resistance and 
pore diffusion resistance are significant in MTBE adsorption on both activated carbon 
and silica gel. It is also seen that the amount of MTBE adsorbed by silica gel bed is less 
than that on an equi-dimensional carbon bed. Therefore carbon bed is a better adsorbent 
of MTBE than that of silica gel. The lower adsorption rate may be due to the weaker Van
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Figure 4.15: Break through curves for irreversible adsorption [46].
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4.2.2 Modeling of the carbon column
The adsorption of MTBE on carbon was modeled to calculate the fractional ability of the 
adsorbent in the zone to still adsorb solute and the degree of saturation at break point. 
Figure 4.16 shows the adsorption equilibrium curve for MTBE solution on activated 
carbon [47]. The figure shows that at room temperature 3 pg/L of MTBE solution is in 
equilibrium with 0.2 mg/g of MTBE adsorbed on activated carbon. As the concentration 
of MTBE in the solution is increased the amount of MTBE adsorbed on the carbon also 
increases. The equilibrium curve for adsorption of MTBE on carbon can be represented 
by the equation, In y* = 1.3529 In x + 3.4121
where x is the concentration of MTBE in carbon in mg/g and y* is the concentration of 
MTBE in water in pg/L. Even though the above equation is valid at only low 
concentrations of MTBE up to 16 pg/L, we use it to understand the results from our 
experiments in which the concentrations of MTBE are much higher 1 g/L.
The concentration of the MTBE solution entering the column is 0.888 g/L. An 
operating curve is drawn for the above process (Figure 4.17). An operating curve is the 
line which contains all the points which represent the bulk- average concentrations of the 
phases in contact with each other. The ends of the line represent the concentration of the 
MTBE in water phase and in the carbon phase at the input and output o f the column. The 
points in between represent the concentrations of the MTBE in water phase and in the 
carbon phase at different points along the length of the column. The carbon column is 
dry prior to adsorption; therefore the operating curve passes through the origin and meets 
the equilibrium curve at 0.888 g/L. The MTBE concentration in the carbon phase at the 
entrance of the column (Yo = 0.888 g/L) is 2001 mg/g.
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Figure 4.16: Equilibrium curve [47], 25°C
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Figure 4.17: Equilibrium curve and adsorption isotherm, 25°C,
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Yb is the, concentration of MTBE in solution at breakpoint, Ye is the 
concentration at the exhaustion of the bed and these are chosen as Yb = 44400 pg/L (5% 
of Yo), Ye = 843600 pg/L (95% Yo). 12 different points were taken on the operating line 
and the Y  values are listed in column 3 of Table 4.1. The corresponding Y* values are 
taken from the equilibrium curve and are shown in column 4 of Table 4.1. The Y and the 
Y* values are taken from the same value of X (column 2, Table 1). 1/(Y-Y*) (column 5) 
is computed from columns 3 and 4. 1/(Y-Y*) (column) is plotted against y as shown in 
Figure 4.18 The integrated area under this curve from Yb to Y  is shown in column 6.
where w is the solute free effluent after any time, its units are mass/area of bed cross- 
section, Wb is the solute free effluent at the breakthrough point, we is the solute free 
effluent at the exhaustion of the bed.
Wa =  We -  Wb
Column 7 shows Y/Y0 values (Y0 = 0.888 g/L, initial concentration of MTBE)
The fractional ability of the adsorbent in the zone to still adsorb solute is represented by
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Figure 4.18: l/(y-y*) vs y
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Figure 4.19: y/yo vs (w-Wb)/wa.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4.1: Calculation Data.
Integral
X Y Y* 1/(Y-Y*) area (w-wb)/wa Y/YO 1-f
0.168148 74.58384 2.718282 0.013915
130.2513 57774.35 22026.47 2.8E-05
218.6797 96997.7 44400 1.9E-05 0 0 0.109232 0
272.7672 120988.8 59874.14 1.64E-05 0.424341 0.03205 0.136249 0.003934
394.7272 175085.5 98715.77 1.31E-05 1.221102 0.092229 0.197168 0.013966
571.2183 253370 162754.8 1.1E-05 2.165599 0.163566 0.285327 0.031176
687.1549 304794.9 208981.3 1.04E-05 2.717712 0.205266 0.343237 0.044282
826.6223 366657.2 268337.3 1.02E-05 3.355136 0.25341 0.412902 0.062484
994.3966 441075.3 344551.9 1.04E-05 4.119077 0.31111 0.496706 0.088726
1196.223 530597.5 442413.4 1.13E-05 5.090398 0.384473 0.59752 0.128863
1312.014 581957.8 501320.1 1.24E-05 5.700071 0.430521 0.655358 0.15771
1439.013 638289.5 568070 1.42E-05 6.450472 0.487198 0.718795 0.196651
1578.305 700074 643707.7 1.77E-05 7.438473 0.561821 0.788372 0.252886
1731.08 767839.1 729416.4 2.6E-05 8.92142 0.673826 0.864684 0.345461
1898.644 842163.6 826537 6.4E-05 12.26675 0.926496 0.948382 0.574515
1927.538 854979.9 843600 8.79E-05 13.23994 1 0.962815 0.644755
2082.427 923682.6 936589.2 -7.7E-05
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Actual height o f the bed = 0.15 m
Time at which the break point occurs = 40 minutes
Cross sectional area of the Column = 2.1 E-3 m2
Density of solution = 1000 kg/m3 = lg/cc = 1 g/ml
Flow rate of the solution =10 ml/min =10 g/min
Flow rate per unit cross-section =10/ 2.1 E-3 = 4762.0 g/m2 min
MTBE initial concentration = 888000 micro g/1
Flow rate of MTBE = 888000 micro g/1 *10 ml/ min / 1000 = 8880 micro g/min 
Flow rate of MTBE per unit cross-section
= 8880 micro g/min / 2.1 E-3 m2 = 4228600 pg/ min/m2 
Xt = 2000 mg of MTBE/g of carbon 
The bed contains 0.3 m3/ m2 of cross-section
Bed density of carbon = 27 pound/cubic foot = 432.5 kg/m3 = 432500 g/m3 
Mass of carbon = 432498.5 g/m3*0.3 m3/m2 = 129750 g/m2 
MTBE in carbon = 40* 4228600 pg/min/m2 = 169142800 g/m2
From material balance MTBE in the carbon = degree of saturation* concentration of 
MTBE in carbon* Mass of the carbon 
169142800= x*2000*129750 
x = 0.65 (65% degree of saturation at break point).
It can be seen that efficiency of adsorption of MTBE on the bed is only 65 %.
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4.2.3 Type of Adsorption
The carbon and silica gel beds which were saturated with MTBE were desorbed using 
distilled water. Columns filled with granular activated carbon and silica gel were taken 
and were completely saturated with 0.01 M MTBE. The flow rate of distilled water was 
10 ml/min on the carbon bed and 5 ml/min on the silica gel bed. It was observed that both 
the carbon bed and the silica gel bed desorbed easily. Therefore it can be concluded that 
the adsorption was due to Van der Waals forces, i.e. physical adsorption. The silica gel 
desorbed faster, which shows that the Van der Waals forces between MTBE and silica 
gel was lower than that of MTBE and carbon bed. It was also observed that the entire 
amount of MTBE was not desorbed although most of it was desorbed. This is because 
some of the MTBE which entered the interior pores of the bed particles cannot be 
desorbed easily.
4.2.4 Use of Regenerated column.
The carbon bed and the silica gel bed were regenerated by desorbing them with distilled 
water and used again and again until the beds were completely exhausted and they could 
not adsorb any more MTBE. The runs on the carbon bed and silica gel bed are shown in 
Figure 4.16 and Figure 4.17 The area between the curve and the line C/Co =1 is 
proportional to the total solute adsorbed if the entire bed comes into equilibrium with the 
feed. It is observed that this area is greatest for the first run. It decreases for the second 
run and deceases further in the third run. Therefore the amount of MTBE adsorbed also 
decreases with each step. This shows that the entire bed was not regenerated and 
therefore it fails to adsorb MTBE equal to that in the previous run.
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Figure 4.20: Adsorption on activated carbon column, 10 ml/min.
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Figure 4.21: Adsorption on silica gel, flow rate 5 ml/min.
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4.2.5 Adsorption of products on the Carbon bed.
The adsorption breakthrough curves of MTBE, TBA, MA and acetone on carbon beds are 
shown in Figure 4.18. These curves show that the products from the Fenton’s reaction of 
MTBE like TBA, MA and acetone and the residual MTBE can be adsorbed on the carbon 
bed. Therefore it can be suggested that the Fenton’s reaction followed by adsorption on 
carbon bed is an effective methods for the removal of MTBE. Methyl acetate is adsorbed 
most and TBA is least adsorbed compound.
4.2.6 Adsorption of products on the Silica gel bed.
The adsorption of MTBE, TBA and acetone on silica gel shown in Figure 4.19, show 
trends similar to that of adsorption on carbon bed i.e., TBA < MTBE < Acetone < MA. 
The adsorption of these compounds on silica gel is very much compared to that of the 
carbon bed. Therefore carbon is a better adsorbent than silica gel.
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Figure 4.22: Adsorption on activated carbon column, flow rate 10 ml/min
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Figure 4.23: Adsorption on silica gel column, flow rate 5 ml/min
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4.2.7 Fenton’s reaction/adsorption
The products from the Fenton’s reaction of MTBE were adsorbed on the carbon bed and 
silica gel bed. The high concentration of H2O2 in the reaction oxidized the carbon 
column. The oxidation reaction produces heat which heats up the column. Due to the 
increase in temperature the adsorption of the compounds on the carbon column 
decreased. On the other hand silica gel did not react with H2O2, therefore silica gel is 
more suitable for Fenton’s reaction followed by adsorption although it is a less effective 
adsorbent compared to carbon bed. The excess amount of H2O2 can be removed by 
adding an acid or catalase to the reaction mixture prior to adsorption. It was also observed 
that the carbon deteriorated and adsorption capacity of the carbon decreased.
4.3 Enzymatic Degradation of MTBE
Peroxidase enzymes like horse radish peroxidase, lignin peroxidase, manganese 
peroxidase were tested for their efficiency in degrading MTBE. Phenol added to the 
solution reacts with MTBE to form hydroxyl ions which in turn react with MTBE and 
degrade it. A 10 ml solution of 18.5 g/L (0.2 M) MTBE, 1 g/L of phenol, 0.2 M H2O2 and
0.16 g/L (16 units/ml) at 6 pH units was reacted for 3 days. It was observed that the 
solution was initially black in color. The black color gradually turned to dark brown. On 
the third day the solution was light brown in color. The amount of MTBE in the solution 
also reduced A very small amount of product was formed. But the reaction was very slow 
and the conversion was as low as 10%. In case of lignin peroxidase no conversion was 
observed. When manganese peroxidase was used the conversion of MTBE was about 15 - 
20%. The color change from bl^ck to brown was also observed.
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CHAPTER V
SUMMARY AND FUTURE WORK
5.1 Summary
Fenton’s reagent containing ferric salt is effective for degradation of MTBE at high 
concentrations. The increase in ferric ammonium sulfate (FAS) increases the conversion 
of MTBE. A maximum conversion of 90% was achieved when 0.14 M of MTBE was 
reacted with 1.1 g/L ferric ammonium sulfate and 6.667 M hydrogen peroxide at a pH of 
4 units. Tertiary butyl ether, methyl acetate, acetone and 1-methyl-2-propene are the by­
products formed during the degradation of MTBE using Fenton’s reagent.
The by-products formed during the Fenton’s degradation can be adsorbed on 
activated carbon and silica gel. Therefore Fenton’s reaction followed by adsorption onto 
silica gel is an effective method for the removal of MTBE. This process removes the 
unconverted MTBE and the by products also. Activated carbon is a better adsorbent than 
silica gel and relatively less expensive. But regeneration of activated carbon is difficult as 
compared to silica gel.
MTBE can also be degraded using hemeproteins like manganese peroxidase and 
horse radish peroxidase. This reaction requires addition of H2O2 and phenol. Phenol 
produces free radicals in the presence of the enzymes which degrade MTBE. Horse 
radish peroxide degraded MTBE to about 10% at room temperature and pH 6 units.
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Manganese peroxidase (5 units/ml) also degraded 15 - 20% of MTBE. Lignin peroxidase 
showed no effect on the degradation of MTBE under similar conditions.
5.2 Recommendations.
The true stoichiometric relation between H2O2, MTBE and FAS should be determined. 
The optimum ratio for the reaction components (H2O2) should be determined by using 
mixture surface designs. The quantitative analysis of the products formed at different 
concentrations of the reactants is also very important. The adsorption of these compounds 
on carbon and silica gel can also be increased by increasing the surface area of the 
adsorbents. Studies on other adsorbents should also be carried out.
The enzymatic degradation of MTBE depends on the release of hydroxyl ions. The 
hydroxyl ion generation in the presence of enzymes should be studied.
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£ External void fraction of the bed
c Concentration of solute in water
W Concentration of solute in solid
‘Kc’ Overall volumetric mass transfer coefficient
a External surface area of the particles
c* Concentration at equilibrium at the surface of the solid.
t* Ideal time
wsat Saturation value of the solute in the solid.
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Volume of MTBE, 
pL/batch 25 50 100 150 200 250
GC Reading 114561 280572 476149 774721 971488 1312535
Volume of batch = 15 mL
TBA Calibration
Volume of TBA, 
pL/batch 2 4 6 8 10 12
GC Readings 20914 34254 47202 76158 80176 115548
Volume of batch = 10  mL
MA Calibration
Volume of MA, 
pL/batch 2 4 6 8 10 12
GC Readings 20983 31381 60935 73594 103450 133138
Volume of batch =10 mL
Acetone Calibration
Volume of Acetone 
pL/batch 2 4 6 8 10 12
GC Readings 18094 42546 60454 71232 104790 117369
Volume of batch =10 mL
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Effect of H2O2 concentration and FAS concentration
1.1 g/L FAS 6.667 M H 2 Q 2
Time











1.1 g/L FAS, 4 M H202
Time











1.1 g/L FAS, 2 M H202
Time
(min) 1st Run 2nd Run
0 0 0
15 15835500 16363350
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Adsorption of MTBE on carbon column
Time 1st run 2nd run r^d3 run
1.000 0.000 0.000 0.106
10.000 0.000 0.007 0.219
20.000 0.000 0.163 0.286
30.000 0.006 0.254 0.426
40.000 0.075 0.341 0.574
50.000 0.179 0.383 0.600
60.000 0.234 0.392 0.624
70.000 0.277 0.443 0.686
80.000 0.322 0.613 0.713
90.000 0.367 0.632 0.731
100.000 0.439 0.853 0.756
110.000 0.565 0.743 0.783
120.000 0.619 0.775 0.874
140.000 0.677 0.863 0.897
150.000 0.733 0.814 0.999
160.000 0.780 0.887 0.991
170.000 0.919 0.951 0.993
180.000 0.998 1.000 1.000
190.000 1.000 1.000 1.000
200.000 1.000 1.000 1.000
220.000 1.000 1.000 1.000
240.000 1.000 1.000 1.000
260.000 1.000 1.000 1.000
300.000 1.000 1.000 1.000
350.000 1.000 1.000 1.000
Adsorption of MTBE on silica gel
Time 1st run 2nd run 3rd run
0.000 0.000 0.000 0.015
10.000 0.178 0.188 0.231
20.000 0.226 0.264 0.307
30.000 0.413 0.458 0.507
40.000 0.622 0.649 0.669
50.000 0.658 0.691 0.737
60.000 0.713 0.746 0.794
70.000 0.924 0.961 1.000
80.000 0.956 1.000 1.000
90.000 0.994 1.000 1.000
100.000 1.000 1.000 1.000
120.000 1.000 1.000 1.000
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Adsorption on carbon column
Time Acetone MA TBA
1 0 0 0.00687
10 0 0 0.068265
20 0 0 0.380678
30 0.119 0 0.493853
40 0.0837 0 0.599829
50 0.107059 0 0.6571
60 0.252954 0.015498 0.718258
70 0.412773 0.019275 0.7821
80 0.573878 0.0456 0.8617
90 0.562808 0.075034 0.946591
100 0.6513 0.112585 0.961868
110 0.742818 0.145854 0.9814
120 0.746622 0.277985 1
130 0.979496 0.34122 1
140 1 0.368 1.00884
150 1 0.397854 1.000118
160 1.002849 0.821317 1
170 1 0.9252 1




Adsorption oh silica gel
Time TBA MA Acetone
0.000 0.199 0.000 0.000
10.000 0.586 0.000 0.000
20.000 0.788 0.000 0.005
30.000 0.816 0.000 0.046
40.000 1.008 0.215 0.475
50.000 1.000 0.302 0.489
60.000 1.000 0.575 0.717
70.000 1.000 0.638 0.823
80.000 1.000 0.733 0.957
90.000 1.000 0.889 0.977
100.000 1.000 0.957 1.000
120.000 1.000 1.000 1.000
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